The atomic force microscopy study was made on the quaternary Gao.l6~no.8~Aso.80Sb.20 epilayer prepared on GaSb substrate by metalorganic chemical vapor deposition. The island-like defects were found on the substrate surface pretreated chemically. With the growth process going, these island-like defects could be buried by the epilayer. In the initial stage, two-dimensional-growth-mode was followed. When the epilayer thickness reached 70 nm, three-dimensional (3D)-growth-mode occurred and the perfect 3 0 islands were observed.
PACS: 61.16. Ch, 68.55. Jk, 68.55. Gh of Ga, In, Sb, and As atoms were trimethylgallium (TMGa) , trimethylindium (TMIn) , trimethylantimony (TMSb), and arsine (AsH3) diluted to 10% in hydrogen, respectively. TMGa, TMIn, and TMSb were held at -12, 17, and -1O"C, respectively, using temperature baths and carried by Pd-diffused hydrogen into the reactor. The substrate was ntype GaSb, oriented 2"-off (loo), towards [110] . The GaSb substrate was chemically polished by a solution of HN03:HCl:CH3COOH = 0.2:2:20 before being put into the reactor. The growth temperature was 595°C. The III/V ratio was 0.201; TMGa/(TMGa+TMIn) ratio was 0.101, and TMSb/(TMSb+AsH3) ratio was 0.165. The growth time was 60min. The epitaxial thickness was 1.5pm, and the lattice mismatch was 1.47%.
The III-V compounds are now of interest for a number of applications employing fluoride-based fibers,' laser radar exploiting atmospheric transmission windows, and remote sensing. For most of these applications, operation at room temperature is very important for attaining the desired system performance at reasonable cost.2 The quaternary GaInAsSb alloys are the most promising candidate materials alternative to the HgCdTe system for use in infrared detectors. The alloys with direct band gaps adjusted between 1.7 and 4.3 pm can be grown lattice-matched on GaSb, InP, and InAs substrates which may provide the basis for emitters and detectors over this entire region.
However, the performance of these devices is often limited by the crystallographic defects caused during epitaxial growth. Three-dimensional (3D) islands are always produced during epitaxial growth and have an adverse effect on electronic and optoelectronic properties of the device. Thus, the growth process of the islands must be well understood in order to decrease them by controlling the key parameters. Atomic force microscope (AFM) is a suitable tool for the investigation of epitaxial surface because of its high resolution and capability of giving quantitative information about surface topography. It is powerful to provide information about surface structure for wellunderstanding growth process of metalorganic chemical vapor deposition (MOCVD). In this paper, the NanoScope ma type AFM (produced by Digital Instruments) was used to study the surface characteristics of the Gao.l6Ino.84Aso.80Sb0.20 epilayer grown by MOCVD, and 3D islands of the isotropic growth were observed. Then, the isotropic growth model of 3D islands was well discussed.
The samples described in this paper were grown on GaSb substrate by MOCVD using a conventional at- At low-resolving power of scanning electron micro- Fig.3 . It can be clearly seen from Fig.3 that there scope (SEM), the surface morphology was still mirrorare a lot of islands on the mirror-like surface. The like. But blurred 3D islands appeared in the SEM large islands are about 2.5 nm high and 150 nm in size. images magnified 3000 times. AFM observations were
The small islands are about 1.2 nm high and 70 nm made in air at room temperature with contact mode in diameter. Although the polished surface of GaSb and the commercial silicon nitride tip was used. When substrate is mirror-like, there are still lots of surface AFM was used to image the GaInAsSb epitaxial surdefects with the average size of 100nm on it. These face, the blurred 3D islands became clear as shown islands can be buried when the epitaxial layer reaches in Figs. 1 and 2 . The islands were about 200 nm high the critical thickness of 70 nm. This phenomenon was with average diameter of 3pm.
confirmed by the experimental observation showing in Figs. 4(a) and 4(b).
Fig. 2.
Three-dimensional image of the Gao.lsIno.84 As0.80Sb0.20 epilayer. In order to understand the growth process well, .AFM was used to measure the surface morphology of the GaSb substrate. The commercial GaSb wafer was used as the substrate. After etched chemically for about 15min in a solution of HN03: HC1: CHsCOOH=0.2: 2: 20, the GaSb surface was observed by AFM. The measurement result is shown in When GaInAsSb epilayer begins to grow, it grows coherently on a GaSb substrate with the lattice parameter of the epilayer strained to the lattice parameter of substrate. At the same time, the islands formed during polishing and chemical etching do not have a higher surface energy to produce the nucleation growth and can be gradually buried. Before the islands are completely buried, therefore, the epitaxy follows the two-dimensional(2D)-growth-mode. As the thickness of the epitaxial layer increases, the strain energy increases. When the epilayer reaches the critical thickness and stress field to the critical region, the first .misfit relieving dislocation is p r~d u c e d .~ At the critical thickness, the accumulated strain energy imposes the equilibrium situation that corresponds to a 3D configuration of the e~i l a y e r .~ Then, the 2D growth fails and 2D plus 3D Stranski-Krastanov mode occurs. In our experiment, the critical thickness is about 70nm. Tersoff et aL5 found that the islands could exhibit dramatic self-organization function. The size and height of the islands actually become more regular with each successive layer. For the successive layer, the island size and height become progressively more uniform, and a single island will replace the islands that are very close.
At the initial stage, the growth rate of the facet plane is extremely sensitive to the orientation of the surface. The islands are surrounded with the facets during the epitaxial growth. The decrease in polarity effects is obvious as the surface deviates from a (111) toward a
The facets of the higher-index orientations have much larger growth rate. Bongers et al. studied the temperature dependence of facet growth rate, relative to the (100) plane growth rate, low pressure-MOCVD InGaP g r~w t h .~ At all temperatures, the (111) facet has the largest growth rate. The growth rates of other facet are different with different index orientations. The growth rate of the (100) plane is the slowest. When the growth rate of the higher-index orientation is larger than the growth rate of the lower-index orientation, the 3D-islandgrowth inhibits an anisotropic-growth mode. Cheng et al. reported the anisotropic growth of 3D islands to form pyramids,' and we reported another anisotropic growth of pyramids with pit.g
As the thickness increases, the temperature of the growth surface is higher than that in the initial time. The growth rate is not sensitive to the directions of facet planes. For the 3D islands all dislocations and stacking faults are located at the highest apex position. This indicates that they play the role of growth nucleus with a large growth rate." The 3D-islandgrowth displays an isotropic-growth mode. When the coverage is increased, the nucleation of 3D islands continues to grow, keeping the original hemispherelike shape and finally forms the smooth islands as shown in Fig.2 . Because the growth rate of the 3D island isotropic-growth mode is far inferior to that of the anisotropic-growth mode, the surface with 3D islands isotropic-growth mode is still mirror-like, and the pyramidal hillocks in anisotropic-growth mode may be observed by optical microscope.
The mirror-like G ao, 16 In0.84 Aso, 80 S bo. 20 epilayer was grown by MOCVD. A lot of smooth and perfect 3D islands were observed by AFM on the epitaxial surface. At the initial stage, the epilayer growth followed the 2D-growth-mode. As the thickness of the epilayer was beyond 70nm, the growth mode of 3D islands occurred. The 3D islands finally form smooth and perfect 3D islands keeping the original island-like shape.
